Abstract. Quasielastic incoherent neutron scattering (QENS) has proven to be a versatile tool to study self diffusion of atoms in liquid metals. Here it is shown, that coherent contributions to the signal in the small q limit appear as a flat and energy independent constant to the QENS signal in single-component liquid metals even for systems with a small incoherent scattering cross section, like aluminum. Container-less processing via electromagnetic or electrostatic levitation devices, especially designed for QENS, enables the in-situ measurement on liquid metallic droplets of sizes between 5 mm to 10 mm in diameter. This gives access to the study of chemically reactive, refractory metallic melts and extends the accessible temperature range to undercoolings of several hundred Kelvin below the respective melting point. Compared to experiments using a thin-walled crucible giving hollow-cylindrical sample geometry it is shown that multiple scattering on levitated droplets is negligible for the analysis of the self-diffusion coefficient. QENS results of liquid germanium and 73 germanium isotope mixtures, titanium, nickel, copper and aluminum are reviewed. The self-diffusion coefficients of these systems are best described by an Arrhenius-type temperature dependence around their respective melting points.
Introduction
Driven by density and concentration fluctuations, diffusion of mass is a fundamental property of liquids [1] [2] [3] . The understanding of atomic diffusion processes is a prerequisite for the study of liquid dynamics [4, 5] , nucleation and crystal growth [6] [7] [8] , as well as vitrification [9, 10] . Diffusion data serve as an input to the modeling of microstructure evolution [11, 12] and are an essential benchmark to molecular dynamics (MD) simulation results [13, 14] . In general, self-diffusion coefficients are related to the mean square displacement of the tagged atoms, whereas interdiffusion coefficients are related to collective transport of mass driven by differences in the chemical potential, e.g. due to concentration gradients in alloys.
A common method to measure diffusion coefficients in liquid metals and alloys is the long capillary (LC) technique and its variations [15] [16] [17] [18] . Usually a diffusion couple of different composition (in the case of interdiffusion), or containing a different amount of isotopes (in the case of self diffusion), is annealed in the liquid state and subsequently quenched to ambient temperature. The diffusion profiles are analyzed post mortem applying Fick's law of diffusion. However, in most cases the influences of convective flow on the evolving diffusion profile during annealing are not known. A comparison to long capillary experiments under microgravity conditions in space, where at least gravity driven convective flow is suppressed, shows that convective contributions indeed influence the measurement, the more so the larger the temperatures involved [16] . As a consequence, selfdiffusion coefficients are usually overestimated by several 10% to 100%. Even their temperature dependence may a e-mail: andreas.meyer@dlr.de exhibit systematic deviations from the actual one without convection [19] . As has been shown recently by in-situ monitoring of liquid interdiffusion processes with X-ray [20] or neutron radiography [21] on binary alloys with a sufficiently large difference in density of the diffusion couple, a stable density layering can suppress convective flow [22] . However, this does not apply to singlecomponent liquids. Therefore, accurate experimental selfdiffusion data in liquid metals are rare.
Self-diffusion coefficients in liquid metals can be measured in-situ with quasielastic neutron scattering [23, 24] . QENS probes the dynamics on atomic length scales and on a picosecond time scale, short enough to be undisturbed by the presence of convective flow. In the case of an incoherent scattering contribution, the small-q QENS signal is dominated by the incoherent contributions to the scattering signal. From the resulting intermediate scattering function the self-diffusion coefficient can be obtained on an absolute scale [19, 25] .
Recently we advanced the field of self-diffusion studies in metallic liquids by the use of container-less processing of liquid droplets. A combination of electromagnetic [26] or electrostatic levitation [27] of the samples with QENS enables the in-situ investigation of chemically reactive as well as of deeply undercooled metallic liquids.
In this article the technical aspects for the measurement of self-diffusion coefficients with quasielastic neutron scattering are reviewed and recent achievements in this field are summarized. In the example of liquid Ge and 73 Ge isotope mixtures, the scattering contributions to the signal are discussed and it is shown that the quasielastic signal at small wavenumber q is dominated by incoherent scattering even for systems with a large ratio of coherent to incoherent scattering [28] . QENS results on liquid EPJ Web of Conferences titanium are shown in order to illustrate how accurate and precise self-diffusion coefficients can be derived from the QENS signal [13, 29] . With two measurements on liquid nickel -one on a liquid droplet with 7 mm in diameter and the other one on a liquid sample in a thinwalled hollow-cylindrical Al 2 O 3 sample holder, we show that the resulting QENS line width at half width at half maximum is not altered by multiple scattering effects [26, 30] . Finally, it is shown that even for very weak incoherent scatterers like aluminum, self-diffusion coefficients can be derived at temperatures close to the melting point [31] , and in combination with coherent QENS data [32] , also their temperature dependence can be studied.
QENS signal contributions
Dynamic structure factors may be divided into a coherent and an incoherent part. The coherent dynamic structure factor reflects the collective motion of atoms, whereas the incoherent part reflects motions of single particles. In the hydrodynamic limit, i.e. in the limit of small wavenumbers q and low frequencies ω, the coherent dynamic structure factor in a liquid consists of a central Lorentzian shaped Rayleigh line, due to temperature fluctuations, and two Lorentzian shaped Brillouin lines, due to density fluctuations, dispersing with the velocity of sound, according to [33] :
Here γ = c P /c V denotes the ratio of specific heat at constant pressure and constant volume, D T the thermal diffusivity, c s the adiabatic velocity of sound and s a sound attenuation constant. In the hydrodynamic limit the incoherent dynamic structure factor consists of a single central Lorentzian curve according to [33] :
D denotes the self-diffusion coefficient of the atoms. In the following, the question of how incoherent quasielastic spectra are altered by coherent scattering contributions is addressed in the example of two different liquid Germanium samples, containing either nat Ge or a nat/73 Ge 50:50 isotope mixture. The incoherent neutron scattering cross section of the isotope mixture is approximately seven times larger than for nat Ge. Dynamic structure factors are compared with coherent dynamic structure factors from X-ray scattering [34] and simulations [35] . It is shown that quasielastic broadening in the neutron S(q, ω) is dominated by incoherent scattering for wavenumbers of 0.3 < q < 0.8Å −1 and, thus, accurate self-diffusion coefficients can be measured on an absolute scale with QENS. QENS studies of liquid germanium were performed on the neutron time-of-flight spectrometer ToFToF at the FRM II in Munich [36, 37] . An incoming neutron wavelength of λ = 7Å was chosen, providing an accessible wavenumber range of 0.3Å −1 < q < 1.6Å nat Ge-samples were measured in full cylinder geometry with a diameter of 9 mm and a height of 40 mm. The isotope mixture was measured in hollow cylindrical geometry with a diameter of 22 mm and 1.2 mm of sample thickness. In the quasielastic region the scattering signal from the empty container is more than an order of magnitude smaller than the scattering signal obtained for container and sample. Moreover, the inelastic signal is well separated from the quasielastic signal and thus dominates dominates the signal even in the case of nat Ge with its 7 times lower incoherent scattering cross section compared with the nat/73 Ge isotope mixture. Measured time-of-flight spectra were normalized to a vanadium standard, corrected for self absorption and empty container scattering, and interpolated to constant q in order to obtain S(q, ω).
In Fig. 1 
convolved with the energy resolution function R(q, ω) of the spectrometer. Here, b(q) accounts for energy independent contributions to the signal and 1/2 (q) is the half width at half maximum (HWHM) of the Lorentzian curve. Lines are fits with a Lorentzian function convolved with the energy resolution function (Eq. (3)). QENS spectra of liquid nat/73 Ge and nat Ge exhibit a comparable half width at half maximum. s 2 meV [34] were used. The thermal diffusivity D T was chosen such that it matches the Rayleigh line of the X-ray structure factor reported in Ref. [34] . The half width at half maximum of approximately 4 meV at q = 0.6Å
corresponds to a thermal diffusivity of 1.3 · 10 −7 m 2 /s, in agreement with a rough estimate in Ref. [35] .
It should be noted, that the thermal diffusivity may also be calculated according to D T = λ T /(ρ c P ). With literature values for the heat conductivity λ T [39] , the specific heat c P [40] and the macroscopic density ρ [41] , a value of D T ≈ 2 · 10 −5 m 2 /s is derived for a temperature of T = 1273 K. This value is more than two orders of magnitude larger than the thermal diffusivity derived from the Rayleigh line in the X-ray structure factor [34] . Liquid Ge exhibits values for thermal and electrical conductivity that compare well to other liquid metals. In liquid metals and, in the absence of convective flow effects, transport of heat is governed by electronic contributions, which in turn do not contribute to the X-ray and neutron scattering signal, respectively. Accordingly, for the calculation of the spectra displayed in Fig. 2 we use the value of 1.3 · 10 −7 m 2 s −1 for D T derived from inelastic X-ray scattering. In our QENS spectra. The same picture emerges for the QENS spectra of nat Ge which show a comparable HWHM of their quasielastic line. Moreover, at a wavenumber of 0.6Å −1 the HWHM of the QENS spectra is about 0.3 meV, whereas the Rayleigh line exhibits a 1/2 of about 4 meV. As a consequence, in the quasielastic spectra coherent scattering is well accounted for by an energy independent contribution b q , that increases with increasing coherent scattering cross section (as seen in Fig. 1 ). However, in the intermediate q range investigated here, the quasielastic Lorentzian line originates from incoherent scattering.
As demonstrated in Fig. 1 at the same value of q spectra of nat/73 Ge and nat Ge exhibit a similar HWHM regardless of the large difference in their ratio of incoherent to coherent neutron scattering cross sections. This shows that at small q self-diffusion coefficients can accurately be derived from QENS signals of liquid metals, even if the ratio of incoherent to coherent cross sections is small.
Self-diffusion coefficients
In order to derive the self-diffusion coefficient from QENS one has to assume that concepts developed in 01002-p.3 the framework of hydrodynamics [1] , i.e. in the limit of small-q values, are valid also at q values accessible by QENS, where, the q range is usually restricted to values well above 0.1Å −1 . With a structure factor maximum in liquid metals and alloys usually below 3Å
EPJ Web of Conferences
−1 -at q values certainly above 2Å −1 -coherent scattering contributions and deviations from hydrodynamics become increasingly important. This leaves a fairly limited q range, where one can test -by a q 2 dependence of the quasielastic line width -whether hydrodynamics can be applied and thus selfdiffusion coefficients can be derived.
In the following we present results of a QENS experiment on liquid titanium at 2000 K [29] . In order to investigate up to which q values hydrodynamic predictions can be utilized for the analysis of the neutron scattering spectra, molecular dynamics (MD) computer simulations were performed using using an embedded atom model for Ti [13] . The results show that in liquid Ti long range atomic transport can be measured up to about 1.2Å −1 with QENS. QENS was performed at the neutron time-offlight spectrometer ToFToF of the FRM II using our electromagnetic levitation device, especially designed for neutron spectroscopy [26] . A roughly spherical, electrically conductive Ti sample with a mass of 1.5 g (about 10 mm in diameter), was levitated within an inhomogeneous electromagnetic radio frequency field. As a result of the radio frequency field, eddy currents are induced in the specimen. This leads to an inductive heating of the sample which allows melting of the specimen and to a force into the direction of low magnetic field strength such that gravity is compensated. The convective stirring induced by the inductive currents in combination with a large heat conductivity of the sample results in a homogeneous sample temperature that is measured contact-free with a two-color pyrometer. The absolute temperature is derived by calibrating the measured melting temperature to the literature value for T m (Ti) of 1941 K. The precision is about ±5 K. During the measurement the sample chamber was filled with 500 mbar Argon with 99.9999 % purity. The data acquisition time was 100 min for the sample at 2000 K.
We note that we recently developed an electrostatic levitation device (ESL) for application on neutron scattering as well as X-ray and neutron diffraction beamlines [27] . In ESL samples are containerlessly processed under high vacuum conditions (< 1 × 10 −6 mbar). A stable levitation of the liquid droplet is achieved by electrostatic forces adjusted with an active sample position control mechanism. An infrared laser beam (λ = 808 nm) focused on the sample surface is used for heating and melting of the sample. One great advantage of ESL as compared to EML is the full sight of the neutron beam on the sample. With distances of the electrode system as large as 15 mm and a typical sample size of 5-6 mm scattering of the sample environment is negligible.
For the liquid Ti experiment a wavelength of the incident neutrons of 5.4Å was chosen giving access to a wavenumber q ranging from 0.3Å −1 to 2.2Å −1 at zero energy transfer. The instrumental energy resolution function R(q, ω), measured at 300 K using a vanadium standard of similar size, can be well approximated by a Gaussian function with a half width at half maximum of 40 µeV. For titanium σ inc = 2.87 barn and σ coh = 4.35 barn. Well below the first structure factor maximum at 2.65Å −1 [42, 43] the signal is dominated by incoherent contributions and thus S(q, ω) describes the self motion of the atoms. As expected for the hydrodynamic regime [1] , at small q, the QENS signal is well described by the Lorentzian function (Eq. (3)) and 1/2 (q) follows a q 2 dependence at small q (insert of Fig. 3 ). Above about 1.2Å −1 small but systematic deviations from the q 2 dependence emerge. For q values < 1.2Å −1 the self diffusion coefficient D can be calculated through 1/2 (q) of the quasi-elastic line via:
The resulting value of D Ti = (5.3 ± 0.2) × 10 −9 m 2 s −1 is equal within error bars to the value of liquid Nickel D Ni = (5.0 ± 0.3) × 10 −9 m 2 s −1 at 2000 K [26] , which will be addressed in the following section.
In MD simulations the self-diffusion coefficient can also be computed from the long-time limit of the mean square displacement r 2 (t) via the Einstein relation:
The MD self-diffusion coefficient of liquid Ti obtained via the analysis of S(q, ω) with Eq. (3) and Eq. (4) are accurately described with the resulting self-diffusion coefficient of Eq. (5) up to q values of about 1.2Å −1 [13] . In agreement with the experimental data above about q = 1.2Å −1 deviations from the hydrodynamic behavior come into play.
This emphasizes that at values of q as large as about half the value of the first structure factor maximum, incoherent contributions dominate the quasielastic line shape and self-diffusion coefficients can accurately be derived on the atomic length scales that are accessible in QENS experiments. 
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Multiple scattering on levitated samples
In order to address the impact of multiple scattering on the HWHM of the QENS signal, results from two experiments on liquid nickel are compared. Ni in natural isotope abundance is a strong incoherent scatterer with a cross section of σ i = 5.2 barn. One experiment was performed in a special Al 2 O 3 crucible with a sample geometry of a hollow cylinder, 0.6 mm wall thickness, a diameter of 22 mm, and a sample height of 40 mm [30] . The other experiment was carried out on a liquid droplet of 8 mm in diameter using the EML apparatus described above [26] . The levitation experiment was performed on ToFToF with a similar set-up as described for liquid Ti. The crucible experiment was performed on the time-offlight spectrometer IN6 at the Institute Laue-Langevin with an incoming neutron wavelength of 5.1Å in a resistance furnace under vacuum. The levitation experiment was performed in a 350 mbar He/4 % H 2 gas atmosphere. The temperature of the melt was controlled via the flow of ultra pure cooling gas (He/4 % H 2 ) which is injected by a nozzle that is installed below the sample. The addition of hydrogen gas is used to reduce oxide impurities on the sample surface enabling deeper undercoolings of the sample. Data acquisition times were three hours for temperatures below the melting point T m = 1726 K), and one hour for temperatures above the melting point. The IN6 spectra were collected for 2-4 hours. Figure 4 shows the resulting Ni self-diffusion coefficients in an Arrhenius diagramm. While the QENS measurements in the crucible were performed in a narrow regime of temperatures above the melting point, the application of the electromagnetic levitation technique gave access to a significantly wider temperature range, including also the metastable regime of the undercooled liquid.
Over a large temperature range -from more than 200 K above to more than 200 K below the melting point of 1726 K -the temperature dependence of the Ni selfdiffusion coefficient can be described by an Arrhenius law,
with an activation energy E A = 470 ± 30 meV per atom and a pre-factor D 0 = 77 ± 8 × 10 −9 m 2 s −1 . This also shows that the change from a liquid in thermodynamic equilibrium to a metastable liquid at temperatures below the melting point is not reflected in its atomic dynamics. Figure 4 also shows that the values of the self-diffusion coefficients from the two experiments are equal within error bars, that are typically in the range of a few percent. Apparently, the much thicker sample geometry in the levitation experiment does not hamper the determination of the Ni self-diffusion coefficients. It should be noted, that for most other metals the incoherent cross section is much smaller than that for Ni and, therefore, our data show that effects of multiple scattering on the values of the self-diffusion coefficients in liquid metals from QENS experiments are negligible. Multiple scattering effects on the QENS signal at small q involving coherent QENS can only become important if the q range around the first structure factor maximum is within the dynamic range of the measurement. With a wavelength of the incoming neutrons of 5.1Å and above, this was not the case in the experiments presented here.
Temperature dependence of self-diffusion
Due to the difficulties arising in classical LC diffusion experiments discussed in the introduction, there are very few reliable data sets on the temperature dependence of the self diffusion in liquid metals. Recently, we have also measured copper self-diffusion coefficients with QENS in a broad temperature range above the melting point [19] . Liquid copper has emerged as a simple model system in computer simulations to study atomic transport properties, nucleation, melting, and crystal growth, as well as relations of melt structure and self diffusion. In such studies experimental atomic diffusion coefficients serve as a benchmark for the quality of simulations with effective model potentials as well as for ab initio simulations.
The setup on ToFToF with a wavelength of the incident neutrons of λ = 7Å gives an accessible q range of about 0.4 to 1.6Å −1 at zero energy transfer at an instrumental energy resolution of about 25 µeV (HWHM). Copper has an incoherent scattering cross section of 0.55 barn, and at the melting point, a structure factor maximum of 2.9Å −1 . The measurement was carried out in a resistance furnace under vacuum using a thin-walled Al 2 O 3 container that provides a hollow cylindrical sample geometry with 22 mm in diameter, 40 mm in height and a 2 mm wall thickness. Data were collected at temperatures above the melting point of Cu at 1358 K in a range from 1370 K to 1620 K in steps of 50 K for 90 minutes each, and are shown in (6)). Solid lines the best fit with a T 2 dependence. Whereas the Arrhenius-fits give an excellent description of all data sets, a T 2 dependence is not in line with our data. In the case of liquid Al, solid circles are data from incoherent QENS and open circles are derived from coherent QENS (Ref. [32] ). The dashed-dotted line is a T 2 fit to the incoherent data -the solid line to the coherent data.. In contrast to the LC data set by Henderson and Yang [44] used as the text book reference for simulations, our QENS data are significantly below the reported values. In the latter, convective effects cause a relatively large scatter and the resulting activation energy is about 25% larger than for the QENS results [19] . Diffusion coefficients reported in classical and ab-initio MD simulations on liquid Cu exhibit a scatter of about ±50% around our experimental values. This shows that, while MD simulations (classical or ab-initio) can be used as a tool to reveal microscopic mechanisms, it is in general not applicable for the determination of absolute values of materials properties. On the other hand, accurate values of liquid diffusion coefficients from experiments can serve as a benchmark for the improvement of model potentials as has been successfully demonstrated for the case of liquid titanium [13] .
Liquid aluminum is a very challenging system for the study of self diffusion with QENS due to its very small incoherent scattering cross section of only 0.008 barn. In an experiment on ToFToF a solid Al-cylinder of 21 mm in diameter and 40 mm in height consisting of high purity Al (99.9999%, Hydro-Aluminium) was used. The sample was melted in a thin-walled Al 2 O 3 hollow cylinder of 23 mm outer diameter at 0.5 mm wall thickness in a standard niobium resistance furnace. The QENS experiments were performed on ToFToF using incoming neutron wavelengths of 7.0Å and 10Å respectively. Results obtained at these two wavelengths compare well with each other. In Ref. [31] , it is shown that even in this unfavorable case of liquid Aluminum reliable selfdiffusion coefficients can be obtained. Data are depicted in Fig. 5 .
Compared with liquid Cu, Ti, and Ni, self-diffusion in liquid Al is significantly faster. Therefore, the resulting HWHM of the QENS signal is significantely larger. Together with the small incoherent scattering cross section, it becomes increasingly difficult with increasing temperature, and hence, increasing line width to resolve the quasielastic line. In order to extend the data to larger temperatures, our self-diffusion coefficients from incoherent scattering are compared to data from a coherent scattering experiment at q values around the structure factor maximum at q 0 2.6Å −1 [32] . There diffusion coefficients were obtained using a modified Enskog hardsphere model. Both data sets agree within error bars. This shows that for liquid Al the model assumptions are reasonable.
As has been recently shown in a QENS experiment on a viscous Zr-Ti-Ni-Cu-Be alloy the corresponding line width from the incoherent signal at small q and from the coherent signal in the structure factor maximum exhibit the same temperature dependence [45] . If this would hold in general, the temperature dependence of self-diffusion coefficient can also be derived in systems with a small incoherent, but a reasonable coherent scattering cross section. Thus an Ansatz to calibrate a set of coherent QENS data, spanning a large temperature range, with one self-diffusion coefficient measured with incoherent QENS at low temperature, or in a LC tracer diffusion experiment under microgravity conditions and in-situ monitored with X-ray radiography, appears to be promising. Figure 5 shows the self-diffusion coefficients that we have recently measured with QENS. All data sets are best described with an Arrhenius-type temperature behavior. This is in contrast to the T 2 behavior reported for metallic melts with lower density of packing such as Sn, Pb, In and Sb [46, 47] . There, LC experiments were performed in space under microgravity conditions, where the absence of buoyancy driven convective flow resulted in the required precision of the diffusion coefficients. As shown in Fig. 5 our data sets, especially the ones that span a large temperature range, can not be described with D(T ) ∝ T 2 . As a consequence, a T 2 behavior of the temperature dependence of the self-diffusion coefficient does certainly not hold as a general rule in single-component liquid metals around the melting point.
Conclusions
To summarize, it has been shown in this review, that quasielastic neutron scattering is a versatile tool for the study of self-diffusion in liquid metals. Even in systems with a small incoherent scattering cross section, accurate diffusion data can be measured with reasonable error bars. With increasing incoherent cross section, errors originating from statistics and data reduction are within a few percent of the absolute value. The accuracy of the experimental result is then limited by technical restrictions, e.g. the measurement of the absolute value of the sample temperature. Finally, it has to be emphasized that the conclusions reported here hold for fairly-dense and singlecomponent liquid metals. In multicomponent systems, coherent cross terms may contribute to the QENS signal in the q and energy range addressed here. Therefore, the measurement of self-diffusion coefficients in alloys is only feasible if incoherent scattering of one alloy component
